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Abstract 

Objective:  Ghrelin  stimulates  GH  release  and  causes  weight  gain  through  increased  food  intake  and 
reduced  fat  utilization.  Ghrelin  levels  were  shown  to  rise  in  the  preprandial  period  and  decrease 
shortly  after  meal  consumption,  suggesting  a  role  as  a  possible  meal  initiator.  However,  ghrelin 
secretion  in  fasting  subjects  has  not  yet  been  studied  in  detail. 

Design:  24-h  ghrelin  profiles  were  studied  in  six  healthy  volunteers  (three  females;  25.5  years;  body 
mass  index  22.8  kg/m2)  and  compared  with  GH,  insulin  and  glucose  levels. 

Methods:  Blood  samples  were  taken  every  20  min  during  a  24-h  fasting  period  and  total  ghrelin  levels 
were  measured  by  RIA  using  a  polyclonal  rabbit  antibody.  The  circadian  pattern  of  ghrelin  secretion 
and  pulsatility  (Cluster  analysis)  were  evaluated. 

Results:  An  increase  and  spontaneous  decrease  in  ghrelin  were  seen  at  the  timepoints  of  customary 
meals.  Ghrelin  was  secreted  in  a  pulsatile  manner  with  approximately  8  peaks/24  h.  An  overall 
decrease  in  ghrelin  levels  was  observed  during  the  study  period.  There  was  no  correlation  of  ghrelin 
with  GH,  insulin  or  blood  glucose  levels. 

Conclusions:  This  pilot  study  indicates  that  fasting  ghrelin  profiles  display  a  circadian  pattern  similar  to 
that  described  in  people  eating  three  times  per  day.  In  a  fasting  condition,  GH,  insulin  and  glucose  do 
not  appear  to  be  involved  in  ghrelin  regulation.  In  addition,  we  found  that  ghrelin  is  secreted  in  a 
pulsatile  pattern.  The  variation  in  ghrelin  independently  of  meals  in  fasting  subjects  supports  previous 
observations  that  it  is  the  brain  that  is  primarily  involved  in  the  regulation  of  meal  initiation. 
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Introduction 

Ghrelin,  a  28-amino-acid  peptide  with  a  3-serine  n-octa- 
noylated  residue,  was  purified  in  1999  from  rat  stomach 
(1 )  and  subsequently  cloned  in  rats  and  humans,  ft  is  an 
endogenous  ligand  for  the  growth  hormone  (GH) 
secretagogue  receptor,  which  strongly  stimulates  GH 
release  (2)  but  also  causes  increased  appetite  and 
weight  gain  through  increased  food  intake  and  reduced 
fat  utilization  (3,  4).  It  is  synthesized  primarily  by 
X/A-like  cells  of  the  oxynthic  glands  of  the  gastric 
mucosa,  and  in  smaller  amounts  in  the  hypothalamus 
(1).  The  peptide  is  also  expressed  in  the  pituitary, 
bowel,  kidney,  pancreas,  brain,  lung,  placenta,  ovary 
and  lymphocytes  (for  review  see  5).  Ghrelin  circulates 
in  human  blood  in  at  least  two  forms:  the  des-octanoy- 
lated  form  and  the  less  abundant  n-octanoylated  form. 
Its  biological  effect  is  mainly  exerted  by  the  latter.  Des- 
octanoylated  and  n-octanoylated  ghrelin,  both  consti¬ 
tuting  total  measured  ghrelin  levels,  show  a  significant 
correlation,  although  they  vary  under  fasting  or  non¬ 
fasting  conditions  (6-8).  Circulating  ghrelin  levels  are 
lower  in  human  obesity  (9),  whereas  in  anorectic 


patients,  fasting  ghrelin  levels  are  significantly  higher 
than  in  normal  control  subjects  (10).  In  addition, 
human  plasma  ghrelin  levels  have  been  shown  to  rise 
in  the  preprandial  and  fall  in  the  postprandial  period 
(11,  12).  It  has  been  concluded  that  the  peptide  is  a 
likely  player  in  the  regulation  system  controlling  the 
energy  balance  of  the  human  organism,  being  upregu- 
lated  when  the  energy  balance  is  negative  and  downre- 
gulated  when  it  is  positive  (4,  13).  It  is  not  clear  yet 
whether  the  postprandial  ghrelin  decline  depends  on 
nutritional  factors  or  on  cephalic  mechanisms.  More¬ 
over,  little  is  known  about  the  role  of  ghrelin  in  the  regu¬ 
lation  of  GH  during  fasting.  We  studied  the  course  of 
spontaneous  plasma  ghrelin  concentrations  over  a 
24-h  period  in  healthy,  fasting  human  subjects  to 
characterize  the  nature  of  its  secretory  pattern  and  com¬ 
pared  it  with  GH,  insulin  and  glucose  levels. 

Subjects  and  methods 

Six  healthy  volunteers  (three  females)  accustomed  to 
eating  three  meals  per  day,  age  (mean±s.D.)  25.5±4.5 
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years,  body  mass  index  (BMI)  (mean±s.D.)  20.7 ± 
0.1  kg/m2  (female)/24.9±  1.5  kg/m2  (male),  respect¬ 
ively  —  0.41±0.36  SDS  (female)/1.04±0.57SDS 
(male)  (14),  participated  in  the  study. 

Exclusion  criteria  were  internal  or  psychiatric 
disease,  medical  treatment,  pregnancy  or  hormonal 
contraception,  use  of  tobacco  products  or  drug  abuse. 
None  of  the  subjects  had  undergone  gastrointestinal 
surgery  or  was  on  a  dietary  programme. 

Prior  approval  for  the  experimental  procedure  was 
obtained  from  the  Ethical  Committee  of  the  Medical 
University  of  Vienna,  Austria.  The  reasons  for  the  inves¬ 
tigation  and  the  potential  risks  were  discussed  and  all 
subjects  gave  their  written  informed  consent  to  partici¬ 
pate  in  the  study. 

The  volunteers  were  asked  to  fast  from  0000  h  of  day 
1  until  0900  h  of  the  following  day  (33  h).  Subjects 
were  admitted  to  the  Paediatric  Department,  Medical 
University  Vienna,  Austria,  at  0730  h  on  day  1  and 
an  intravenous  cannula  was  placed  in  an  antecubital 
vein  for  blood  withdrawal.  Peripheral  blood  samples 
were  collected  every  20  min  from  0800  h  on  day  1 
until  0900  h  on  day  2.  Dark  periods  were  from 
0000 h  on  day  2  until  0700 h  on  day  2.  The  subjects 
were  encouraged  to  live  freely  within  the  constraints 
of  the  hospital  environment  and  the  sampling  protocol. 
During  the  fasting  period  water  was  allowed  ad  libitum. 
There  was  no  possibility  to  see  or  smell  food  in  the 
chosen  setting  until  0800  h  on  day  2,  when  an  unex¬ 
pected  breakfast  was  served. 

All  blood  samples  were  transferred  to  chilled  glass  dis¬ 
odium  EDTA  tubes  and  centrifuged  immediately  at  4°C. 
The  plasma  samples  were  frozen  and  stored  at  —  3  5  °C. 

Plasma  immunoreactive  ghrelin  was  measured  in 
each  sample  in  duplicate  100  pi  aliquots  using  com¬ 
mercially  available  single  RIA  components  (Peninsula 
Laboratories,  Inc.,  Belmont,  CA,  USA)  comprising  a 
1 2 ’iodine-labeled  bioactive  ghrelin  tracer  and  a  rabbit 
polyclonal  antibody  raised  against  full-length  octanoy- 
lated  human  ghrelin,  showing  100%  cross  reactivity 
with  des-acyl  ghrelin,  which  does  not  interfere  with 
any  other  known  gastrointestinal  or  pancreatic  peptide 
hormones.  No  extraction  procedures  were  performed. 

The  lower  and  upper  limits  of  the  assay  were  20  and 
2000  pg/ml  respectively.  The  intra-  and  interassay  coef¬ 
ficients  of  variation  were  4.1%  and  12.0%  respectively. 

Circadian  pattern  of  ghrelin 

Mean  plasma  ghrelin  levels  of  the  series  of  76  samples 
obtained  from  each  of  the  six  subjects  were  analysed.  To 
overcome  interindividual  variation,  ghrelin  levels  were 
standardized  to  the  mean  of  the  subject,  i.e.  the  respect¬ 
ive  24-h  mean  ghrelin  level  was  subtracted  from  each 
individual  ghrelin  value.  A  nonparametric  regression 
fit  (LOESS  lit)  was  then  performed,  using  an  optimal 
number  of  x- values  (nine  timepoints)  which  were 
included  in  the  fit.  On  the  basis  of  these  nine  values, 
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the  y-values  were  weighted  according  to  the  distance 
from  the  point  to  the  estimate.  To  find  the  optimal  fit, 
both  the  corrected  Akaike  information  criteria  (15) 
and  the  'general  cross  validation-mean  square  error’ 
(16)  were  used.  Calculations  were  performed  using 
SAS  software  version  8.2,  2001  (SAS  Institute  Inc., 
Cary,  NC,  USA).  In  order  to  visualize  the  circadian 
pattern  of  all  six  subjects,  a  LOESS  fit  (together  with 
95%  confidence  interval)  of  the  residuals  from  the 
patientwise  linear  regression  was  calculated  using 
the  algorithm  provided  by  the  ‘R’  software  (17). 

Linear  trend  over  time 

A  linear  regression  analysis  was  carried  out  for  each  sub¬ 
ject’s  profile  as  well  as  for  the  whole  dataset  to  evaluate 
the  circadian  linear  trend  during  the  study  period. 

Pulse  analysis  of  ghrelin  and  GH 

Fasting  ghrelin  and  GH  patterns  were  analysed  by 
means  of  computer-based  algorithm  Cluster  analysis 
(18).  A  2  X  2  (peak  2,  nadir  2)  cluster  size,  the  intra¬ 
assay  coefficient  of  variation,  and  minimum  t-statistics 
of  2  were  used  as  a  stringency  criterion  for  both 
upstrokes  and  downstrokes,  in  order  to  constrain  the 
false  positive  rate  to  <5%.  This  setting  identified 
pulses  that  were  consistent  with  visual  appraisal,  with 
the  exception  of  the  pulses  supposed  to  exist  at  the  mar¬ 
gins  of  the  profiles.  The  following  pulsatility  parameters 
were  evaluated:  number  of  peaks  representing  pulses, 
interpulse  interval  determined  as  the  time  interval 
between  peaks,  peak  width  calculated  in  min,  repre¬ 
senting  the  time  elapsed  between  the  first  significant 
upstroke  and  first  significant  downstroke  within  the 
overall  peak  and  pulse  amplitude  defined  as  the  maxi¬ 
mum  hormone  concentration  attained  in  each  pulse. 

Correlations  between  ghrelin,  GH,  insulin  and 
blood  glucose 

In  order  to  assess  the  association  between  ghrelin  and 
the  three  other  continuous  measurement  variables, 
partial  Spearman  correlation  coefficients  were  calcu¬ 
lated  for  each  pair  of  variables.  Partialization  was 
used  to  account  for  the  variation  between  patients. 
The  computation  of  partial  correlation  coefficients 
was  performed  using  SAS  software  version  8.2. 

Results 

Circadian  pattern  of  ghrelin 

Smoothed  individual  24-h  plasma  ghrelin  levels  (LOESS 
fit)  are  shown  in  Fig.  1.  A  striking  increase  in  plasma 
ghrelin  concentrations  could  be  observed  at  four  time- 
points:  around  0800  h,  between  1200  h  and  1300  h, 
between  1700h  and  1900  h  on  day  1,  and  at  the  time 
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Figure  1  Individual  ghrelin  profiles  from  the  six  subjects  during 
the  fasting  period  (LOESS  fit). 


of  breakfast  (0800  h)  on  day  2.  A  smaller  peak  could  be 
seen  around  midnight  (Fig.  2).  Ghrelin  levels  fell  spon¬ 
taneously  after  the  morning,  noon  and  evening  peaks. 

Higher  ghrelin  levels  were  found  in  subjects  with  low 
BMI  (subjects  1,  2,  4)  and  ghrelin  levels  tended  to  be 
lower  in  those  subjects  with  higher  BMI  (subjects  3, 
5,  6)  among  the  subjects  of  the  respective  sex  (Fig.  1, 
Table  1). 


Linear  trend  over  time 

The  diurnal  pattern  of  total  ghrelin  levels  showed  an 
overall  decrease  during  the  24-h  fasting  period, 


Figure  2  Circadian  ghrelin  pattern  computed  as  LOESS  fit  of  the 
residuals  from  the  patientwise  linear  time  trends  (solid  line)  with 
upper  and  lower  95%  confidence  intervals  of  the  LOESS  fit 
(broken  lines).  Dotted  vertical  lines  indicate  customary  meal  times 
((L),  lunch;  (D),  dinner).  At  0800 h  on  day  2  the  subjects  received 
an  unexpected  breakfast  (B). 


gradually  falling  to  a  trough  between  0000  h  and 
0700  h  on  day  2,  until  the  breakfast  surge  began 
(Fig.  3).  Linear  regression  demonstrated  a  downward 
slope  for  each  subject  which  was  statistically  significant 
(uncorrected  P  <  0.05)  in  five  subjects. 


Pulse  analysis  of  ghrelin 

Using  the  Cluster  program,  the  following  peak  character¬ 
istics  were  seen:  peak  number  8.3  (range  7-10),  interval 
between  peaks  148 ±54 min,  peak  width  11 5± 53  min 
and  pulse  amplitude  509±115pg/ml.  Detailed  results 
of  all  6  subjects’  profiles  are  presented  in  Table  1.  Two 
representative  profiles  are  shown  in  Fig.  4.  No  associ¬ 
ation  between  ghrelin  and  GH  regarding  the  times  of 
peak  occurrence  could  be  found. 


Correlations  between  ghrelin,  GH,  insulin  and 
blood  glucose 

The  investigation  of  potential  pairwise  association 
between  ghrelin,  GH,  insulin  and  glucose  revealed 
only  a  weak  partial  correlation  between  GH  and  insulin 
(R  =  —0.381)  and  between  blood  glucose  and  insulin 
(R  =  0.313),  the  latter  showing  non  relevant  vari¬ 
ations  within  the  normal  basal  range  under  fasting 
conditions.  All  other  correlation  coefficients  had  absol¬ 
ute  values  below  0.170.  The  apparent  coincidence  of 
peaks  in  the  LOESS  fits  of  ghrelin  followed  by  GH 
(Fig.  5)  was  not  captured  by  the  extremely  weak  partial 
correlation  coefficient  of  —  0.08.  Partialisation  for  post¬ 
prandial  phases  or  darkness/light  phases  did  not  show 
any  relevant  influence  on  the  results.  Similarly,  consid¬ 
ering  lagged  ghrelin  values  (lags  of  one,  two  and  three 
periods,  corresponding  to  20,  40  and  60  min  respect¬ 
ively)  had  no  effect  on  the  results. 


Discussion 

There  is  continuous  debate  as  to  whether  ghrelin 
secretion  is  regulated  via  central  (i.e.  hypothalamic) 
or  peripheral  (i.e.  nutrition-related/gastric)  mechan¬ 
isms.  The  rise  in  circulating  ghrelin  levels  before  a 
meal  indicates  its  role  as  a  hunger  signal  to  initiate 
food  consumption  (11,  19).  This  observation  is  sup¬ 
ported  by  experimental  studies  showing  that  ghrelin 
administration  in  rodents  rapidly  increases  food 
intake  (20,  21).  Within  1  h  of  food  consumption,  ghre¬ 
lin  fell  to  trough  levels,  and  this  meal-associated  rise 
and  fall  of  ghrelin  resulted  in  a  characteristic  secretion 
pattern  in  non-fasting  subjects  (11). 

Interestingly,  the  24-h  ghrelin  secretion  pattern  in  our 
six  fasting  subjects  demonstrated  a  similar  course,  with 
an  increase  at  customary  mealtimes  and  a  spontaneous 
decrease  after  approximately  2  h  without  food  consump¬ 
tion  (Figs  1-3). 
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Table  1  Subjects’  characteristics  and  results  from  Cluster  analysis  of  ghrelin  levels  during  the  24-h  fasting  period. 


Subject 

Sex 

Age 

(years) 

BMI 

(kg/m2)  [SDS] 

No.  of 
peaks 

Mean  interval  between 
peaks  (min) 

Mean  peak  width 

(min) 

Mean  pulse  amplitude 

(pg/ml) 

1 

F 

28.6 

20.0  [-0.67] 

8 

157.1  ±57.1 

1 17.5±16.7 

715.2±135.4 

2 

F 

21.9 

20.3  [-0.56] 

7 

176.7±36.7 

125.7±59.7 

707.1  ±83.5 

3 

F 

19.0 

21.8  [0] 

10 

122.2±56.1 

92.0±62.7 

41 1 ,8±64.7 

4 

M 

30.0 

23.8  [0.62] 

8 

148.6±54.0 

130.0±51 .3 

686.0±123.4 

5 

M 

25.0 

24.3  [0.81] 

9 

132.5±36.9 

11 1.1  ±60.9 

185.8±51 .0 

6 

M 

28.6 

26.6  [1.68] 

8 

151.4±73.8 

1 15.0±53.2 

348.9±179.2 

SDS,  standard  deviation  score. 


Regarding  the  ghrelin  rise,  a  priming  effect  of  cus¬ 
tomary  food  consumption  on  ghrelin  secretion  is  sup¬ 
ported  by  an  experimental  study  in  sheep,  showing  a 
change  in  the  ghrelin  secretion  pattern  produced  by 
different  feeding  regimes  (22).  By  analogy,  serum  insu¬ 
lin  levels  increase  just  before  an  expected  meal.  This 
‘cephalic  phase’  of  insulin  secretion  could  be  provoked 
as  a  Pavlovian  reflex,  even  without  food  presentation 
(2  3).  It  might  be  concluded  that  the  secretion  of  ghrelin 
is  subjected  to  processes  of  classical  conditioning,  as  is 
well  known  from  other  vegetative  functions. 

The  regular  spontaneous  ghrelin  decrease  after  its 
rise  at  customary  meal  times  was  surprising.  Studying 
the  course  of  ghrelin  secretion  in  non-fasting  subjects, 
it  has  been  speculated  that  the  postprandial  fall  in  ghre¬ 
lin  is  actually  mediated  by  the  ingested  nutrients  (11). 
Regarding  the  histological  structure  of  the  oxynthic 
mucosa,  ghrelin-secreting  cells  have  no  direct  contact 
with  the  gastric  lumen.  Therefore,  it  would  be  more 
likely  that  physical  or  chemical  stimuli  from  the  baso- 
lateral  membrane  influence  ghrelin  secretion  rather 
than  direct  contact  of  ingested  nutritional  products 
with  gastric  mucosa  (24,  25).  Moreover,  it  has  been 


Figure  3  Average  total  plasma  ghrelin  profile  from  all  6  subjects 
(central  thick  line),  and  average  plasma  ghrelin  profile  from  three 
high  level  and  from  three  low  level  subjects  (upper  and  lower  lines 
respectively).  Note  the  overall  decrease  in  ghrelin  levels  during 
the  24-h  fasting  period. 


shown  that  water  ingestion  per  se  or  the  resulting  gas¬ 
tric  distension  had  no  effect  on  circulating  ghrelin 
levels  (26).  The  influence  of  meal-related  changes  of 
insulin  or  glucose  on  the  postprandial  decrease  of  ghre¬ 
lin  is  not  entirely  clear.  Several  studies  have  shown, 
although  not  consistently,  a  decrease  in  plasma  ghrelin 
levels  in  hyperglycaemic  or  hyperinsulinaemic  con¬ 
ditions  (27-31).  Postprandial  somatostatin  secretion 
might  also  exert  an  inhibitory  effect  on  ghrelin 
secretion  (32-34).  However,  in  our  fasting  individuals 
a  spontaneous  ghrelin  decrease  was  observed  which 
occurred  later  compared  with  non-fasting  subjects 
and  without  a  marked  change  in  insulin  or  glucose 
levels.  This  indicates  mechanisms  at  a  neuronal  level 
which  are  independent  of  gastric  stimuli. 

We  found  a  significant  decrease  in  ghrelin  levels  over 
a  24-h  period  (Fig.  3)  which  was  not  observed  in  non¬ 
fasting  subjects  (11).  In  accordance  with  this,  individ¬ 
ual  hunger  perception,  as  rated  on  a  scale  from  1  to 
10  by  the  probands,  decreased  during  the  second  half 
of  the  observation  period  (data  not  shown). 

The  spontaneous  secretion  pattern  of  ghrelin  as  ana¬ 
lysed  by  the  Cluster  algorithm  demonstrated  a  charac¬ 
teristic  pulsatility  with  a  frequency  of  8.3±0.9  pulses 
over  a  24-h  period.  This  further  indicates  that  neuronal 
rather  than  gastrointestinal  signals  might  be  operative 
in  the  modulation  of  ghrelin  secretion.  Accordingly, 


Figure  4  Characteristic  24-h  fasting  plasma  ghrelin  profiles  from 
two  subjects.  (•)  represent  pulses  as  identified  by  Cluster 
analysis. 
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Figure  5  Circadian  ghrelin  and  GH  profiles  from  all  6  subjects 
during  the  fasting  period  (LOESS  fit).  Solid  line,  ghrelin;  dashed 
line,  GH. 


rats  showed  a  higher  ghrelin  pulse  frequency  during 
3  h  of  fasting  than  in  a  fed  state  (35). 

We  found  considerable  interindividual  variation  in 
plasma  ghrelin  levels  among  the  six  subjects  (Fig.  1). 
Interestingly,  higher  profiles  were  found  in  the  two 
females  with  the  lower  BMIs  and  in  the  male  with  the 
lowest  BMI  as  compared  with  the  other  males.  These 
data  are  in  agreement  with  other  observations  in 
adults  and  children  demonstrating  the  influence  of 
body  constitution  and  nutritional  status  on  circulating 
ghrelin  levels  (9,  10,  26)  and  possibly  support  the  obser¬ 
vation  of  sexual  dimorphism  of  circulating  ghrelin  con¬ 
centrations  ,  with  higher  levels  found  in  females  (32,  36). 

It  is  well  known  that  ghrelin  administration  will 
stimulate  GH  secretion  (2,  37).  Furthermore,  a  syn- 
chronicity  of  ghrelin  and  GH  was  seen  during  various 
nutritional  regimes  (32).  However,  under  fasting  con¬ 
ditions  we  did  not  find  any  correlation  between  these 
two  hormones.  Both  ghrelin  and  GH  were  secreted  in 
a  pulsatile  manner  and  we  found  a  similar  pulse  fre¬ 
quency,  but  the  pattern  and  timing  of  pulses  were  not 
concordant.  This  is  in  agreement  with  the  observation 
of  the  lack  of  correlation  between  ghrelin  and  GH  circu¬ 
lating  levels  in  male  adult  rats  (38).  It  seems  that  ghre¬ 
lin  is  not  involved  in  the  regulation  of  GH  pulsatility 
under  basal  conditions. 

In  conclusion,  our  investigation  on  ghrelin  plasma 
levels  in  six  fasting  subjects  revealed  a  characteristic 
diurnal  course  with  spontaneous  rises  and  declines  at 
customary  mealtimes,  an  overall  decrease  in  ghrelin 
levels  during  the  24-h  fasting  period,  and  a  pulsatile 
secretion  pattern,  but  these  pulses  were  not  related 
to  GH,  insulin  or  blood  glucose.  Our  data  indicate 
that  ghrelin,  although  mainly  secreted  by  the  stomach 
and  regulated  by  caloric  intake,  is  basically  under 
cephalic  control. 
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